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Tuning of the electronic screening and electron-phonon coupling in doped SrTiO3 and WO3

T. Jarlborg
DPMC, University of Geneva, 24 Quai Ernest-Ansermet, CH-1211 Gene`ve, Switzerland

~Received 12 January 2000!

The electronic structure and the electronic part of the electron-phonon couplingl is calculated for doped
SrTiO3 and WO3 systems in the perovskite structure. Dilute doping is treated by supercells and the virtual
crystal approximation. The long-range part of the coupling is found to be weakly screened for low doping,
when the material is close to insulating. The low-q part of l becomes large despite the low density of states.
This is consistent with the appearance of superconductivity for dilute doping.
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The traditional explanation of superconductivity relies
a large, attractive electron-phonon couplingl, which over-
comes the Coulomb repulsion between electrons at the F
energyEF .1 A largel needs in turn a large density of stat
~DOS! at EF ,N(EF), since l is proportional to
N(EF)I 2/Mv2, where I is the matrix element for the cou
pling, M is an atomic mass, andv a representative phono
frequency.1 However, superconductivity was observed
Schooleyet al.2 in nearly semiconducting materials like i
Nb-doped SrTi(12x)NbxO3 and by Raubet al.3 in Na-diluted
tungsten bronze NaxWO3. Superconductivity in such mater
als is surprising, becauseN(EF) is very small for the actua
doping concentrations. The Nb~or charge carrier! concentra-
tion x, for optimalTC is of the order 1020 cm23, correspond-
ing to about 0.006 electrons per formula unit~f.u.!, making
EF fall in a low-DOS region near the gap. According
theories based on so-called intravalley and intervalley c
pling, where attractive interaction via exchange of selec
phonons overcomes the Coulomb interaction, it is possibl
get superconductivity despite the low DOS.4 However, the
real band structure for SrTiO3 ~Ref. 5! is not compatible with
the one in the model. A subsequent experimental work fo
a ‘‘double’’ superconducting gap, which was interpreted a
result of a two-band feature of SrTiO3.6 Recent works on
oxygen-deficient WO3 reported superconductivity in twin
walls.7 The superconducting transition temperatures in
above-mentioned systems are not high, 1–3 K, but the
covery of high-TC superconductivity in other, layered ox
ides, has led to renewed interest in these materials. The
rier concentration and DOS in high-TC oxides are not
extremely low, but, on the other hand,TC is very high.
Therefore, the problem in these two types of oxides might
related in that a largel has to be understood in view of
modest DOS, at least if superconductivity is mediated
phonons. Indeed, a recent experimental work sugges
much higherTC at the surface of Na-doped tungsten bronz8

These materials are ideal for studies of the influence of e
tronic screening on the electron-phonon coupling, since t
can be tuned from a semiconductor to a metal by doping
discussion of the screening mechanism for high-TC oxides in
terms of the dielectric constant, has been given by Weg9

There are also arguments for weak screening in high-TC ox-
ides based on nonadiabatic conditions for low-mobility el
trons in normal phonon vibrations,10 but such assumption
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are not appropriate for these systems. Here we contribut
these studies by doing approximate, but parameter-free,
constrained, determinations of the electronic structure
the electronic part of the electron-phonon coupling as fu
tion of doping for the two systems mentioned above. T
calculations focus onl without detailed discussion of th
Coulomb repulsion, superconductivity, or effects that c
compete with superconductivity.

The electronic structure is calculated using the se
consistent linear muffin-tin orbital band method in the loc
density approximation. So-called full-potential correctio
are not included, and the matrix elements for electro
phonon coupling converge actually better than total energ
Therefore the differences in total energies of phonon dis
tions are not determined. However, bands and DOS are
pected to be good for this close-packed structure. The
ementary cell of SrTiO3 is simple cubic, perovskite type
with one Sr at the corner, one Ti at the center, and the o
gens at each of the cube faces. The same structure ca
applied to the NaxWO3 or O-deficient WO3 systems, when
there are no structural distortions.7 To study doped cases, th
unit cell is doubled in each direction, with a total of 4
atoms. In the titanate, one of the eight Ti sites is replaced
Nb, while seven of the eight Na sites in the case of W-bron
are unoccupied. In the virtual crystal approximation, one~or
all! of the Ti atoms in the supercell has been assigned
extra, noninteger, charge to account for low doping conc
trations. This concerns the electronic as well as the nuc
charge in order to maintain charge neutrality. For t
W-bronze, two dopings are considered. In one set of ca
lations, it is the single Na atom that is given a noninteg
charge; in another set it is one of the W sites that plays
role of virtual atom with all Na sites unoccupied. The resu
ing total DOS functions are calculated by tetrahedronk-space
integration. Figure 1 shows the DOS for pure and dop
SrTiO3. The band structures are not much different in t
virtual crystal cases compared to what is shown in Fig.
except thatEF falls closer to the gap edge, corresponding
the case of optimal doping. The gap is about 2.5 eV for
titanate, in fair agreement with early band calculations t
were adjusted to agree with optical data.5 The gap is ‘‘di-
rect’’ at the zone center, with a conduction-band minimum
the G point. The Fermi surface consists of tinyG-centered
‘‘balls’’ for very dilute electron doping, which increase i
size for larger doping. In the W-bronze the bands and
9887 ©2000 The American Physical Society
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9888 PRB 61BRIEF REPORTS
DOS near the gap are similar to the ones of the titanate,
the gap is smaller, about 1.5 eV.

The totalN(EF) in the doped case Sr8Ti7NbO24 is 65 ~Ry
40-atom-cell!21. The additional Nb takes most of the parti
d-DOS, so that each of the seven Ti atoms, and in partic
the most distant one from the Nb impurity, has smaller D
than at the same band filling for the undoped case.
whole system shares the additional charge given by a
impurity, much like in a rigid-band metal, a fact that is f
vorable for the virtual crystal approximation. The observ
tion of superconductivity is for low carrier concentration
corresponding to about 0.05 electrons in the 40-atom cel
rigid shift of the DOS putsEF 8 mRy above the gap edge fo
this concentration, and the total DOS is about 1.6 states
and elementary cell. This is mostly of Ti d, DOS, but even
this appears low compared to about ten states per Ry
atom in bcc Nb and it would suggest a lowl in SrTiO3.

The value of the totall is a sum over all possible phono
modesn.11 Since the full phonon spectrum is not determin
here, we use simplified ‘‘modes’’ where the displacemen
done for one atom at a time, for totallyn53n modes, where
n is the number of atoms in the cell. The goal is to study
variation of the electronic screening andl among systems
with different doping, and therefore it is important to co
sider identical modes in each case. The simplified modes
sufficient for this purpose, but the quantitative values ol
for real, individual phonons are not obtained. The phon
part of l, the force constant for the averaged real-phon
spectrum, can be taken from experiment in related mater
Although this part is not expected to vary much with t
doping, we cannot verify ifl becomes large because of so
ening of the phonon spectrum. Instead, we investigate
role of electronic screening for an enhancement of the e
tronic numeratorh5NI2 of l. The matrix elementI
5^DV(r )/u&, is the integral of the change in potenti
@DV(r )# due to an atomic displacementu. This matrix ele-
ment has several terms depending on the number of m
poles of DV(r ). The first monopolar term is the screen
Madelung shift, which couples electronic states of the sa
l. The matrix element depends on scattering betweenk points

FIG. 1. The DOS of Sr8Ti8O24, Sr8Ti7NbO24, and Sr8Nb8O24

all lined up at a band filling of 193 electron/cell. The Fermi ener
is in the gap, at 0, and at the vertical line, respectively.
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kW andkW8. The small Fermi surface makeskW.kW8. For the case
kW5kW8 one can simplify the general expression forl11 into an
approximate form:

ln5

F(
i ,l

Ni ,l~EF!I i ,l G2

N~EF!M nvn
2un

2
, ~1!

I i ,l ,n5E Ri ,l
2 ~EF ,r !DVi ,n~r !d3r . ~2!

HereRi ,l is the radial wave function for thel state on atomi.
DVi ,n is the change in potential on sitei caused by moving
atom n the amplitudeun ~here 1% of the lattice constant!,
and it is in general delocalized over several sites. The ela
energy due to the deformation isM nvn

2un
2 . The total l

5(ln is the sum over all possible (x,y,z) displacements of
one atom at the time in the unit cell. The change in poten
due to a displacement of a single ion, and the monopo
contribution toh, can be large for ionic systems.15 Calcula-
tions for a few test cases show that the contribution for an
displacement towards Ti~or W! is the largest, compared to
perpendicular displacement or for displacements of other
oms. This is probably because the large ionicity of O is
combination with a short Ti-O distance. Self-consistent c
culations with and without the atomic displacement a
needed in order to determine the monopolar term, wh
makes the calculations quite demanding in computing pow
In order to reduce the computational task, it is assumed
the results for displacements of equivalent sites in the u
cell are the same because of symmetry, although the sym
try is not perfect because of the additional impurity site.

The next, dipolar term is because of a change in poten
of symmetryl 51, which can be viewed as the first term du
to nonspherical potential effects. Contrary to the monop
term it is localized closer to the moved site, which can
understood from the faster convergence of real-space la
sums of high-l multipoles. Terms of higher multipoles ar
therefore not very sensitive to variations of the long-ran
screening, and thus they can hardly be enhanced for the s
reason as the monopolar term. Here we calculate the dip
term in the rigid muffin-tin approximation~RMTA!.12 The
matrix element is due to the rigid displacement of a potent
and in a compound it can be calculated for each s
separately.13 It leads to dipolar coupling, i.e., thel-quantum
number of contributing states has to differ by one unit, a
the calculated value follows fairly well the total DOS i
these systems. RMTA calculations give a good account ol
in nonionic metals.14 However, in these ionic materials wit
rather pure, unhybridizedl DOS, the dipolar coupling is
much smaller than the monopolar one, at least for the low
dopings. The calculated RMTA value is relatively importa
only for a good metal like SrNbO3, where the calculated
value has its maximum, 3 eV/Å2, for the case with the
highest DOS for the titanates~cf. also Fig. 1 and Table I!.
The selection rule and the localization of the dipole te
make it likely that it will remain small compared to th
monopole term even if the RMTA is corrected for se
consistent relaxation. Higher multipoles are neglected.
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A displacement of an atom in the enlarged cell is a p
turbation, which leads to different charge redistributions
different doping. Interatomic charge transfer between n
neighbors is possible even in an insulator, because of hyb
ization and orbital tails. Over larger distances a metal i
different case because states atEF help the exchange o
charges between all sites. This serves to screen the effe
the perturbation, so more distant sites will not be affected
the perturbation. A long-distance screening is missing fo
near insulator at low doping, and the change in potentialDV
reaches further out. Thus, the matrix elementI of the mo-
nopolar electron-phonon coupling is expected to be larg
for the smallestx, and the actual calculations confirm this

The results are summarized in Figs. 2 and 3. A numbe
tests are made in order to verify that a reliable trend forh(x)
can be extracted from the results, despite the statistical fl
tuation among individualh values. The quantitative result
for a given doping are sensitive to number ofk points, dis-
tortion amplitude, and to particular conditions of the DO
but these uncertainties are proportional to the totalh value
for each case and do not affect the conclusion about
doping dependence. Using theN(EF) values in Eq.~1! from
undistorted or distorted structures, can in a few cases, ma
difference by a factor of 2 in the value ofh. The results in
the figures are the averaged values. It is important to n

TABLE I. Calculated h in units of eV/Å2, and N(EF) in
(Ry f.u.)21 for two dopings of SrTi12xNbxO3. The small-q values
refer to the displacement of O modes in the 40-atom cell and
largeq to the displacements in the five-atom cell. The dipolar va
is calculated within RMTA.

x ~electrons/f.u.! N (EF) h ~small q! h ~large q! h ~dipolar!

0.01 1.9 22 <0.1 0.1
0.125 8.2 2.5 0.1 2

FIG. 2. Calculatedh due to O displacements~upper panel! and
total DOS atEF ~lower panel! as function of dopingx per formula
unit of doped SrTi12xNbxO3. At low doping (x,0.125) there are
two virtual crystal values for the same doping. The largest val
are obtained when the additional charge is concentrated on on
site.
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that there is an amplitude dependence ofl. Distortions in
complex, multisite, and multiband systems, can bring~or re-
move! new bands near toEF , to make discontinuities in
N(EF) as the displacement amplitude changes. Such non
ear effects can be very strong in high-TC oxides.10 These
calculations use 64k points in 1/8 of the Brillouin zone. Firs
calculations using 27k points give the same general trend
despite more ‘‘scattering’’ among the enhancement valu
But the enhancements at lowx appear stronger when usin
64 k points. The various systems, with different dopants a
different local DOS, all show enhancedh(x) for small x for
O displacements. The calculations for displacements of o
sites are not as complete as for O displacements, but for
considered cases, there are relatively smallh, especially for
Sr. The variation with doping is smaller, and no evident e
hancement at low doping is seen for Sr displacements.

The electronic part ofl @Eq. ~1! with the force constant
M nvn

251# and the totalN(EF) show opposite trends a
function of doping, as can be seen in Fig. 2 for the SrTi3
system and in Fig. 3 for the WO3 system. The coupling is
seen to be largest for the near insulators, while the total D
is largest for the best metals. For cases with equal total d
ing in the virtual crystal calculations for the titanates, theh
values are larger when the doping charge is concentrate
one impurity instead of being spread over several sites. T
is because the DOS is enhanced at a single impurity.
total DOS is larger, and as was noted above, the DOS
from a single impurity tends to vanish. The material tends
be insulating between the impurities, which will hamper t
long-range screening.

The large monopolarh for some displacements concern
low-q phonon modes, because the screening is weake
only over long distances. By doing the displacements wit
the elementary five-atom unit cell, one finds only a ve
smallh, independent of doping, as is shown in Table I. Th
there is a division between a lowh for largeq and a large,
nonscreenedh for intermediateq. From the size of the two
unit cells considered here, one can situate this division foq

e
e

s
Ti

FIG. 3. Calculatedh ~upper panel! for O displacements and
DOS atEF ~lower panel! as a function of dopingx per formula unit
of NaxWO3 ~crosses! and W12xRexO3 ~circles!. All values, except
the ones forx50.125, are calculated within the virtual crystal a
proximation.
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9890 PRB 61BRIEF REPORTS
between approximately 0.8 and 0.4 Å21. In the absense o
physical arguments for a reactivated screening over e
larger distances, one expects that a largeh persists for the
smallestq. At large q, near the zone boundary, one expe
metallic screening for all dopings, without enhancement
the monopolarh.

The stability of this mechanism forl enhancement will
be delicate at extremely low doping concentration, when
DOS atEF tends to zero, either totally or locally betwee
impurity sites. The requirement of a uniform distribution
the impurities becomes essential, since no dopant is perfe
itinerant, but the additional charge is always more or l
localized around the impurity. Such extreme cases are d
cult even computationally, since the interaction between
purities is in the calculation limited by the size of the un
cell. The calculated enhancements for the SrTiO3 system are
largest not for the lowest doping, but near 0.01–0.0
electrons/f.u., while for the WO3 system the largest value
were found for the lowest doping.

The results for the two types of materials are similar, w
a tendency for having the largesth in the WO3 system. This
is consistent with the experimental situation for superc
ducting TC , but the difference appears too small to und
stand the very large observedTC in the WO3 system.8 These
calculations show the trend for one long and one shorq
value, and do not map out the completeq dependence of the
h enhancement, which may be different in the two syste
However, one argument suggests that the screening is in
better in the titanate system for equal electron doping, wh
provides an explanation to why the bronze system sho
have the largesth: The Sr-site in the WO3 bronzes is essen
tially unoccupied~only partially occupied by Na! and there-
fore void of electrons. Electron transport and orbital hybr
ization, which in the titanate can be done across these s
are in the bronzes limited to the ‘‘jungle-gym’’ cage stru
ture made up of the WO3 network. This difference should b
present even at largeq, because the difference in real spa
concerns part of the near-neighbor interactions. Another
n
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ference~which is not investigated here! is that quite different
phonon modes are generated by Ti and W atoms, becau
their different masses.

In conclusion, we find that the absense of long-ran
screening in nearly insulating cases for low doping conc
trations, is able to enhancel for long-wavelength phonon
modes. This concerns the monopole term, while the dip
term is much smaller. A force constant of a typical amplitu
around 10 eV/Å2 would makel very large (.10 in the
WO3 system! for special low-q modes, consistent with su
perconductivity. However, one can also argue that a largl

is favorable to lattice instabilities, and whenqW is small even
to stripes.16 This is in contrast to features depending
short-range interactions, like polarons, which should not
stabilized by this mechanism. An enhancement of the C
lomb repulsion is also unlikely for a mechanism that on
affects long-distance interactions. The screening of a col
tive charge redistribution around an ionic displacement
pends on the existence~and shape! of a Fermi Surface~FS!,
which here is shown to be inefficient over large distanc
But the direct Coulomb interaction between two electrons
a property of the electron gas, independent of the FS,
that screening is completed already at small distances, c
parable to the electron gas parameterr s . Therefore, even if a
microscopic calculation of the superconductingTC is miss-
ing so far, one can expect that the enhancement ofl for
smallqW will dominate effects that prevent superconductivit
According to the results, it should be possible to optimize
enhancement by choosing between localized and itine
dopants, and by choosing a system with limited neigh
interaction. It is often argued that electronic screening,
pressed in terms of a dielectric constant, plays a crucial
for l enhancements,9 but this work is, to our knowledge, th
first one where this is demonstrated by electronic struct
calculations. An example is found where a low value
N(EF) turns out to be favorable for a largel and therefore
probably also for superconductivity.
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